A three-dimensional pharmacophore model was generated utilizing a set of known inhibitors of c-Myc-Max heterodimer formation. The model successfully identified a set of structurally diverse compounds with potential inhibitory activity against c-Myc. Nine compounds were tested in vitro, and four displayed affinities in the micromolar range and growth inhibitory activity against c-Mycoverexpressing cells. These studies demonstrate the applicability of pharmacophore modeling to the identification of novel and potentially more puissant inhibitors of the c-Myc oncoprotein.
Deregulation of the c-Myc oncogene is among the most frequent molecular abnormalities encountered in human cancer and is often associated with aggressive tumors of the breast, colon, cervix, lung, and hematopoietic organs.
1,2 c-Myc is a member of the basic helix-loop-helix leucine zipper protein family (bHLH-ZIP a ) whose dimerization with another bHLH-ZIP protein, Max, is necessary for various biological activities, including cellular transformation, apoptosis, and transcriptional activation. [3] [4] [5] [6] The fact that the oncogenic activity of c-Myc depends on its dimerization with Max makes the c-Myc-Max heterodimer not only an enticing target for drug design but also an important case study for the challenge of designing small molecule inhibitors of protein-protein interactions. 7, 8 Small molecules that specifically bind c-Myc and prevent c-Myc-Max heterodimerization have already been discovered. [9] [10] [11] [12] [13] Recent results from our group have provided NMRbased models showing that structurally unrelated inhibitors bind to distinct regions of the intrinsically unordered c-Myc monomer and alter its conformation to render it incapable of interacting with Max. 14 Given the availability of the activity data for several c-Myc-Max heterodimer disruptors, 12, 13 we decided to exploit this information to develop a molecule-derived pharmacophore model that would capture the primary chemical features common to these compounds. This is a powerful method for finding novel ligands and has been used extensively in drug discovery research in academia and the pharmaceutical industry. 15, 16 Herein, we utilize GALAHAD (genetic algorithm with linear assignment for hypermolecular alignment of data sets), [17] [18] [19] implemented in SYBYL 8.0, 20 a recently developed pharmacophore modeling program that allows for full ligand flexibility while taking strain energy and steric overlap into account.
The data set used in these studies contains six c-Myc-Max heterodimer inhibitors identified previously by our group 12, 13 ( Figure 1a) : the parental compound 10058-F4 (1) 13 and five of its derivatives. 12 All compounds bind to the same c-Myc region centered around residues Y402-K412, 14 with affinities that were up to 6-to 8-fold greater than that of 1. 12, 13 Twenty models were produced in our study, which differed somewhat in the number and type of features and in the conformations and overlay of the molecules. The pharmacophore model with the best overall score is displayed in Figure 2 . It contains two hydrophobic features (yellow), one donor atom (blue), and two acceptor atoms (red).
The uniqueness of our approach is that the pharmacophore model generated by GALAHAD was further refined using two inactive analogues of 1 (Figure 1b ). The refinement stage was performed using the Tuplets module in SYBYL 8.0, 20 which allows for the decomposition of the full pharmacophoric pattern found for each inactive ligand into its constituent distance multiplets, which are encoded into a vector fingerprint. Compounds retrieved in this way are often of a different chemical class than those used to generate the database query, demonstrating lead-hopping capability.
For validation purposes, the Tuplets refined model was used to query a test set of 10 compounds containing 6 active and 4 inactive analogues of 1 (see Supporting Information) through a hierarchical clustering. The active compounds bind to the same c-Myc region centered around residues Y402-K412, 13 with affinities that were up to 6-to 8-fold greater than that of 1.
11,12
All molecules performed acceptably well, with all actives compounds, except one, clustered together in the dendrogram, whereas the inactive ones were distributed. One of the inactive compounds was clustered together with the active compounds.
The resulting Tuplets hypothesis was further used to screen the ZINC 7.0 database 21 for druglike molecules (∼5 × 10 6 compounds) that were sufficiently similar to the selected hypothesis. Note that the search database was translated into multiconformer Tuplets of the same type as the generated hypothesis. The hypothesis captured 15 822 hits (0.31% of database). The hits included a structurally diverse set of compounds as measured by their Tanimoto score of 0.5. This number progressively decreases with increasing Tanimoto similarity (e.g., 274 hits for 0.80 cutoff). Our choice of a Tanimoto cutoff of 0.5 is motivated by findings that similar biological activities may be shared by compounds that exhibit relatively weak structural similarities. [22] [23] [24] Although 2D similarity measures may overlook important structural/functional features and 3D metrics may retrieve compounds with more diverse topology, at the initial screening stage, 2D metrics are conveniently used for a rapid way of finding new lead compound. The top 100 compounds were filtered further for desirable ADME properties with ADME Boxes, version 4.0, software 25, 26 to rationally deconvolute the large number of compounds that resulted from the initial database screening process, with the understanding that those compounds could potentially serve as drugs. The top-ranking 30 compounds were selected as potential candidates for the design of novel c-Myc inhibitors.
Given the extensive metabolism and rapid clearance of the parental 1, 27 we selected for experimental testing those compounds that were predicted to be less metabolically labile. Considering that cytochrome P450 isoform CYP3A4 is the major enzyme responsible for xenobiotic metabolism in human organism and metabolizes >50% of drugs, 28 we used ToxBoxes, version 2.9, 29 to select compounds with the lowest predicted probability of being a CYP3A4 inhibitor at clinically relevant concentrations (K i < 50 mM). Nine ZINC 7.0 compounds ( Figure 3) were finally purchased from ChemBridge Corporation and tested in vitro for disruption of c-Myc-Max(S) heterodimer formation.
The experiments were performed as reported in our previous work 12 and are also available as Supporting Information. The compounds were screened in a circular dichroism assay where the helical content of equimolar mixtures of c-Myc and Max (1.5 µM) was determined from ellipticity measurements at 222 nm. Compounds capable of disrupting the protein dimer cause a decrease in helical content, as the isolated monomers are disordered and flexible. Initial screening of the nine compounds at one single high concentration (200 µM) indicated a nearly complete disruption of c-Myc-Max dimers being induced by four molecules, and partial disruption by another three ( Figure  4 ). Only two compounds proved to be entirely inactive in this assay. These results support the reliability of the computational model in predicting active inhibitors.
The four compounds that exhibited the highest disruptive ability against c-Myc-Max(S) heterodimer formation at 200 µM were further tested over a range of concentrations, providing a full titration of the protein dimer disruption. Multiplication of the competition constant (K comp ), employed to fit the experimental data by the independently determined dissociation constant of c-Myc-Max dimers provided an estimate of the inhibitors affinity for c-Myc monomers (assuming that, like the set of compounds employed to generate the pharmacophore model, they interact exclusively with this protein monomer). The compounds displayed affinities in the mid-micromolar range, generally 2-10 times lower those of 1 and structurally related compounds employed to generate the pharmacophore model ( Table 1) .
The four compounds were tested further for direct competition to confirm that they interact directly with the c-Myc monomer in a mode similar to that displayed by 1. The compounds were tested by monitoring the fluorescence polarization of 1, which is inversely proportional to the compound's tumbling rate in solution and increases when it is bound to the relatively large c-Myc (353-437) monomer. Under these conditions, all four compounds were able to displace 1 from c-Myc. A titration competition was performed for each compound, and data were fit in a similar way to the one described for the titrations of c-Myc-Max(S) disruption. K comp in this case was multiplied by the dissociation constant of the complex between 1 and c-Myc to provide an estimate of the affinity of the tested compounds for c-Myc (353-437) binding. The obtained values were in reasonable agreement with the estimates of binding affinity obtained from the titrations of c-Myc-Max(S) dimer disruption. The two best compounds were also tested in an electrophoretic mobility shifts assay (EMSA) for disruption of DNA binding by c-Myc-Max(S) dimers, showing an inhibitory efficacy comparable to that of 1 ( Figure 5 ). 12 All nine compounds were tested in HL60 cells as described in our previous work 12 and also included as Supporting Information. As shown in Figure 6 , compounds 5360134 (5) and 6370870 (6) proved to be significantly more active, with IC 50 of 23 and 16.7 µmol, compared to 35 µmol for the parental 1. The lack of exact correlation between the growth inhibitory effects of these compounds and their abilities to interact with c-Myc and disrupt c-Myc-Max association likely reflects the more complex nature of the cell-based assay, which requires uptake and retention of the compounds, their transport to the nucleus, and sufficient intracellular stability over the several day time span of the assay. Compounds 5 and 6 were tested with HL60 cells, with TGR1 (normal rat fibroblasts) along with TGR1 knockout cells with overexpressed HMGA1b (KO + HMG). These latter cells lacked c-Myc because of gene targeting; overexpression of the HMGAIb restored a normal growth rate in a c-Myc-independent manner. 32 Our results demonstrated very good inhibition in HL60 cells with both ZINC compounds and appeared to be somewhat selective in cells that expressed higher levels of c-Myc (HL60s) (see Supporting Information). They exerted the least effect on the KO + HMG cells and thus revealed a direct correlation between c-Myc levels and growth inhibition by these compounds. Further evidence for specificity came from the finding that 5 seemed to be more selective for HL60s than 6. From these studies, we concluded that the ability of both ZINC compounds to inhibit the growth of mammalian cells is c-Myc dependent. These compounds were well within the range of what was seen when we screened a large number of 1 analogues. 12 We recently identified the binding site and provided a model of the interaction between the parental 1, and c-Myc.
14 The c-Myc-Max disruption assays and the competition assays clearly show that the active compounds described here bind in the same region as 1, residues Y402-K412 of c-Myc. These compounds disrupt the formation of the highly ordered c-Myc-Max dimer by binding and stabilizing the intrinsically disordered monomer of c-Myc. NMR based studies of 1 binding to c-Myc demonstrated clear NOE signals with the binding site, but the overall flexibility of the disordered target resulted in insufficient NOE data to generate a standard structural model. 14 Disordered regions are overrepresented in disease related protein interactions; the ligand-based pharmacophore approach may be of especial importance in the search for inhibitors of these proteins. 33 This is the first report of a pharmacophore model that provides a hypothetical picture of the main chemical features responsible for the activity of c-Myc-Max heterodimer disruptors that may prove to be useful for the future development of more potent analogues based on rational design. The newly identified lead compounds exhibit novel chemical scaffolds and will be further optimized to enhance their inhibitory activity.
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